The ability to monitor and respond to altered nutrient availability is important for all organisms but particularly so for plants where altered nutrient availability leads to different strategies for allocation of resources and altered patterns of growth and development. Plants are thought to monitor a range of nutrients including sugars, nitrate, and amino acids, both locally and over a distance and a number of specific sensing systems for each of these nutrients have been described. However, it has been unclear how the plant coordinates growth with the general availability of nutrients. A protein that appears to be important for this coordination is TOR kinase. It is a Ser/Thr protein kinase and its name stands for Target of Rapamycin, because it is specifically inhibited by Rapamycin, an antibiotic isolated from soil samples from Easter Island (Rapa Nui). The TOR kinase is highly conserved in all eukaryotes and is a positive regulator of growth in response to both carbon-and nitrogencontaining nutrients. TOR knockouts are embryo lethal in Arabidopsis, emphasising its importance in embryo development and growth. TOR has recently been shown to play a crucial role in mediating sugar signals that activate the root apical meristem in the heterotrophic-to-autotrophic transition of early seedling growth (Xiong et al., 2013) .
In this highlighted article, Salem et al. (2017) , set out to understand more about the role of TOR in seed development and germination. As Patrick Giavalisco, the lead author of the study, explains, they faced an immediate problem -the embryo lethal phenotype of TOR knockout mutants meant that they could not use the mutants to study the role of TOR in post-embryonic phases of plant growth. The alternative approach -inducible genetic repression of TOR transcription/translation using inducible RNAi or artificial micro RNA is also problematic: this approach either only partially represses TOR, generating only weak phenotypes or, if strong repression is achieved, is lethal. The other approach is to use rapamycin to inhibit TOR activity. But this is limited by the insensitivity of plant TOR to the inhibitor. And although other TOR active site inhibitors such as AZD are now available that repress plant growth, the specificity of these chemicals is not fully proven.
So instead, Patrick and his team took advantage of the fact that TOR operates as part of a multi-protein complex and Arabidopsis mutants deficient in either of the two regulatory proteins, RAPTOR (regulatory associated partner of TOR) or LST8 (lethal with sec thirteen protein 8), although highly affected in their growth, produce viable seed (Anderson et al., 2005; Moreau et al., 2012) . Of the two RAPTOR genes, Raptor1B knockout produced a strong and reproducible growth and development phenotype and they decided therefore to characterise two independent Raptor1B knockout lines. Their problems were not over, though. The raptor1b lines produced far less seed than WT, so just accumulating enough seed to study was a challenge. But even more complicated was obtaining fresh seeds of the same age, due to the fact that the vegetative and reproductive growth of raptor1b plants was significantly delayed in comparison to WT. However, after careful work to align the age of the seeds, the team was positively surprised to be able to observe highly consistent phenotypes in the two independent knockout lines.
The starting point for their characterisation of the mutant seeds was the somewhat unexpected phenotype of seeds of the Raptor1B knockout line: the seeds were pale in colour, a phenotype reminiscent of the well-characterized transparent testa (tt) mutants, which are affected in flavonoid pigmentation of the seed coat (Debeaujon et al., 2000). Salem et al., confirmed that the pale colour of raptor1b seeds was indeed due to a seed coat pigmentation defect: raptor1b seed coats contained less than half the WT amount of proanthocyanidins, the main coloured flavonoids. They then identified a number of other similarities to specific tt mutants, including delayed rates of seed germination and increased sensitivity of seeds to ageing and stress conditions. The raptor1b seeds also secreted much less mucilage from the seed coat (Figure 1) , a phenotype that is observed in a sub-class of tt mutants.
So at this point, all of the phenotypes of the raptor1b seed could be connected to the function of the seed coat: mucilage swelling during imbibition of the seed promotes testa and endosperm rupture which is required for germination. And the antioxidant properties of testa flavonoids are thought to slow the process of seed ageing. However, there was one phenotypic difference between raptor1b and tt seeds that hinted at deeper underlying changes in raptor1b: as well as being slower to germinate, raptor1b seeds also showed decreased viability compared to WT (Figure 1 ) with 20% of raptor1b seeds remaining ungerminated six days after stratification.
The question therefore arose as to why TOR kinase is required for normal seed coat pigmentation and function and what other changes occur as a result of RATPTOR1B deficiency that might affect seed development and properties. One potential explanation is crosstalk between TOR kinase signalling and phytohormone signalling. A number of phytohormones are known to play key roles in regulating seed dormancy and germination. The first clue in support of this was Salem et al.'s discovery of substantial increases in the amounts of several phytohormones including abscisic acid. Given that germination is known to be delayed in mutants with increased ratio of abscisic acid to gibberellic acid, Salem et al. hypothesised that the germination phenotype of raptor1b seeds would be aggravated by application of exogenous abscisic acid and ameliorated by gibberellic acid. This was tested and found to be the case.
As well as these changes in phytohormones, Salem et al. also identified widespread changes in seed biochemical composition and metabolite content. These included increases in nearly all metabolites from central metabolism and decreased amounts of seed storage protein, consistent with the role of TOR kinase in promoting anabolic metabolism such as protein synthesis in response to nutrient supply. But surprisingly, the main carbon store of Arabidopsis seeds, triacylglycerides, was not altered in amount, although there were some minor changes in the seed lipid profiles. The fact that proteins were affected but not the triacylglyceride carbon store seems to indicate that at this point of development the impact of RAPTOR1B repression affects protein synthesis more than carbon partitioning.
As well as going on to understand how TOR kinase might influence other stages in seed development such as seed filling and seed maturation, the next steps for Patrick and his team will be to investigate the role of TOR kinase throughout the complete vegetative and reproductive lifecycle of the plant. They want to know which stages of the lifecycle are affected and how. Does TOR kinase have overlapping roles at different stages of development or does it play specific roles at specific stages? Answering these questions would then provide the starting point for a more detailed dissection of nutrient signalling, with a specific focus on identifying and characterising the connections between the TOR kinase complex and specific physiological processes.
